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Organic solar cells (OSCs) have attracted considerable atten-
tion in the past 30 years," and academia-to-industry technology
transfer has come to the stage of business development, such
as building integrated applications that complement silicon
solar cells.” The currently available OSCs only utilize visible
light and, to further increase their efficiency, the development
of organic materials that convert near-infrared (NIR) light into
an electric current is essential.>* Among various possible
designs of narrow-band-gap materials for NIR absorption,’
n-conjugated quinoidal molecules are promising candidates,®
although they have intrinsic problems as OSC materials. First,
they often show a biradical character because of the narrow
band gap,” and are insufficiently stable for material appli-
cations. Second, stable quinoids usually have HOMO/LUMO
levels that are too low to be practically useful because they
contain electron-withdrawing groups to gain stability.® Here,
we report the synthesis and properties of heterocyclic quinoid
molecules 1-3 containing 4,5-diarylimidazol-2-ylidene units
(Fig. 1), which are thermally stable and strongly absorb in the
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Fig. 1 Chemical structures of heterocyclic quinoid molecules 1-3.
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New heterocyclic quinoid donor molecules were designed and synthesized for application to organic
solar cells in the near-infrared region. Devices using one of these quinoid molecules as a photoexcitable
donor and Cgg as an acceptor function in the visible and the near-infrared regions up to 890 nm.

NIR region. The electron-rich quinoidal 2,5-dihydropyrroles 2
and 3 are capable of photoelectric conversion in the visible
and the NIR regions up to 890 nm when used as a photoexcit-
able electron donor material in an OSC device where Cg, is used
as an electron acceptor. The central heterocyclic ring stabilizes
the closed-shell quinoid form because of its low aromaticity,
and hence is probably responsible for the high stability. The
heteroatoms (i.e., S and N) in the central rings donate an elec-
tron to the quinoidal system to raise the HOMO/LUMO levels.

The synthesis of 1-3 was achieved using the Debus-Radzis-
zewski reaction’ with a heterole-2,5-dicarbaldehyde as the
central building block and benzils as terminal blocks in the
presence of ammonium acetate, followed by oxidation
(Scheme 1). Reaction of thiophene-2,5-dicarbaldehyde (4) with
1,2-bis(4-methoxyphenyl)ethane-1,2-dione in the presence of
ammonium acetate gave the cyclized product 5 in a moderate
yield (62%). Treatment of 5 with an excess of potassium ferri-
cyanide under basic conditions afforded the target quinoid
compound 1 in a high yield (81%). Quinoid compounds 2 and
3 were also synthesized in a similar manner (synthetic details
are given in ESI}). Thermogravimetry-differential thermal ana-
lysis (TG-DTA) showed that the decomposition temperatures
of the quinoid compounds are 264, 252, and 220 °C for 1, 2,
and 3, respectively, which are high enough for material appli-
cation (Fig. S1 in ESI]).
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Scheme 1 Synthesis of the quinoid compound 1.
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Fig. 2 UV-vis-NIR absorption spectra of 1-3 in CH,Cl, (dashed lines)
and absorption spectra of thin-film samples on a quartz substrate (solid
lines).

The UV-vis-NIR absorption spectrum of the dihydrothio-
phene derivative 1 in dichloromethane showed an absorption
maximum at 688 nm with a large molar absorption coefficient
(log & = 5.03) (Fig. 2, Table 1). The absorption spectrum of the
dihydropyrrole 2 was red-shifted (Anax = 716 nm, log e = 5.04)
compared with that of 1. The 2,5-dimethoxyphenyl-substituted
dihydropyrrole 3 showed a shorter wavelength absorption
(Amax = 684 nm, loge = 4.99) than 2, although the central
n-system is of the same structure. This is probably because of
larger dihedral angles between the 2,5-dimethoxyphenyl rings
and the main quinoidal core in 3. We also measured the
absorptance spectra of thin films of these compounds, ensuring
that light scattering and reflection effects were properly elimi-
nated.'® The absorptance spectra of all of these compounds
were red-shifted (Amax = 771 nm for 1, A, = 784 nm for 2, and
Amax = 744 nm for 3) compared with the absorption spectra in
CH,Cl,, and the broadened absorptions covered the entire
visible spectral range and entered the NIR region.

The physical properties of the quinoid compounds suggest
that these quinoid molecules are suitable as donor materials
for OSC applications. The cyclic voltammograms (CVs) of 1
and 2 in dichloromethane showed a reversible oxidation wave
at 0.66 V and 0.49 V (vs. Fc/Fc'), respectively, and that of 3
showed two reversible oxidation waves at 0.44 V and 0.65 V
(Fig. 2S in ESI}). Thus, all of these quinoid molecules are stable
for electrochemical oxidation. The estimated HOMO energy
levels are —5.46, —5.29, and —5.24 eV for 1, 2, and 3, respectively
(Table 1). These compounds also showed two reversible

Table 1 Photoelectronic properties of the quinoid molecules 1-3
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reduction waves at —0.67 and —0.78 V for 1, —0.85 and —1.01 V
for 2, and —0.92 and —1.11 V for 3. The LUMO energy levels of
1, 2, and 3 were estimated to be —4.13, —3.95, and —3.88 €V,
respectively. These LUMO energy levels are higher than those of
representative quinoid molecules reported as n-type organic
materials®”"" and would trigger the photoinduced electron
transfer from these molecules to acceptor molecules. We also
investigated the energy levels of 1-3 in thin films. The ioniza-
tion potentials (IPs) obtained by photoelectron yield spectro-
scopic (PYS) measurements for a thin film were 4.90, 4.81, and
4.70 eV for 1, 2, and 3, respectively, which are higher by as
much as 0.56 eV than Eyomo determined in solution
(vide supra). Similarly, the electron affinities (EAs) estimated for
the film samples are higher than those for solutions. Intermole-
cular interactions are known to affect greatly the HOMO/LUMO
energy levels of quinoid molecules in the solid state.'>

We fabricated OSC devices using 1-3 as a donor material
and Cgo as an acceptor: ITO/PEDOT:PSS/quinoid donor/Ceo/
NBphen/Al, where PEDOT:PSS, Cgqo, and NBphen serve as an
anode buffer, an acceptor, and a cathode buffer, respectively
(Fig. 3(a)). For device A, 2,5-dihydrothiophene 1 was spin-coated
on the anode buffer. For devices B and C, 2,5-dihydropyrroles 2
and 3, respectively, were used as a donor layer (see ESIf for
details). The OSC performance was examined under irradiation
with 100 mW em™? incident light using an AM 1.5G filter.

Devices B and C using electron-rich donors 2 and 3 showed
much better performance than A using 1. The current density
(/)-voltage (V) dependence of device A using 1 showed a very
low power conversion efficiency (PCE) of 0.02% with an open-
circuit voltage (Vo.) of 0.49 V, a short-circuit current density
(Jse) of 0.23 mA em ™2, and a fill factor (FF) of 0.19 (Fig. 3(b),
Table 2). The plot of incident photon-to-current efficiency
(IPCE) vs. wavelength of device A indicated that photocurrent
conversion does not take place in the NIR region in spite of
absorption by donor 1 up to 950 nm (Fig. 3c).

In the light of the EA of 1 (3.58 eV) and that of Cg,
(3.98 eV),"® we consider that the band offset of these two states
is too small to generate free mobile charges at the donor/
acceptor interface,"* resulting in the small J,. and IPCE
(Table 2). In contrast, devices B and C using the electron-rich
2,5-dihydropyrroles 2 and 3 showed much higher J,. values of
1.64 mA cm™? for device B and 2.34 mA cm™> for device C.
Other parameters for devices B and C are also shown in
Table 2. The IPCE spectra of these devices indicate that 2 and
3 effect photocurrent generation at 890 and 850 nm for devices

Amax [NM] in

b
EHOMO

c
ELUMO

CH,Cl, (loge¢) Amax © [film, nm] [solution, eV] [solution, eV] 1P [film, eV] EA° [eV]
1 688 (5.03) 667,771 —5.46 —-4.13 4.90 3.58
2 716 (5.04) 673,784 -5.29 -3.95 4.81 3.39
3 684 (4.99) 659, 744 —5.24 -3.88 4.70 3.32

“ Absorption maxima Amax determined by curve fitting to the experimental spectra with multi-Gaussian peaks. ? HOMO energy levels estimated
from CV measurements in CH,Cl,.  LUMO energy levels estimated from CV measurements in CH,Cl,. ¢ IPs of the thin films determined by PYS.
¢ EAs estimated from the following equation: EA = IP — E,, where E, refers to the optical energy gap calculated using 1240/Aonsec.
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Fig. 3 The configuration of the fabricated OSC devices A, B, and C
using the quinoid materials 1, 2, and 3, respectively, as a donor layer (a),
J-V characteristics (b) and IPCE profiles (c) of the devices. For devices B
and C, a molybdenum oxide (MoO,) layer was inserted between the
PEDOT:PSS and the quinoid donor layers.

Table 2 Summary of the photovoltaic characteristics of devices A-C
involving the quinoid compounds as a donor layer

Donor Voe [V] Jse [MA ecm™?] FF PCE [%]
Device A 1 0.49 0.23 0.19 0.02
Device B 2 0.65 1.64 0.35 0.37
Device C 3 0.63 2.34 0.25 0.37

B and C, respectively. In view of the higher IPCE of device C
than that of device B, we may speculate that the higher EA of
quinoid 3 enhances the generation of free mobile charges at
the donor/acceptor interface.

In summary, we have designed new NIR-absorbing quinoid
dyes 1-3 for OSCs through the combination of a central hetero-
cyclic ring and electron-donating terminal substituents. The
three new quinoid compounds are thermally stable, absorb
strongly in the NIR range, and have HOMO/LUMO levels suit-
able for OSC applications. OSC devices using 2 and 3 indeed
function both in the visible and in the NIR ranges.
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